The local element distribution across tensile-strained N d-doped (In,Ga)As/GaAs quantum wells (QWs) is investigated by transmission electron microscopy. The sub-monolayer (ML) insertion results in a several monolayers thick (In,Ga)(As,N) layer with lateral composition fluctuations. We also find an inhomogeneous In incorporation across the QW, with a minimum In content, [In] In the last years, dilute nitrides based on (In,Ga)(As,N) have been extensively investigated due to their potential application in GaAs-based optoelectronic devices [1] [2] [3] [4] [5] and solar cells. [6] [7] [8] [9] [10] However, due to their large miscibility gap, surface undulations and composition modulations often occur during growth, in particular if high N contents (>3%) are involved. [11] [12] [13] [14] As a consequence, the structural quality of the alloy is adversely affected, and thus, the optical and electrical properties. The fabrication of (In,Ga)As/GaAs quantum well (QW) structures with a nitrogen d-doping insertion emerges as an attractive solution to overcome these difficulties, and opens up the way to avoid the structural degradation observed in conventional (In,Ga)(As,N) layers. 15, 16 This approach involves two major deposition characteristics which differentiate N d-doped (In,Ga)As structures from conventional dilute nitrides layers: (1) the spatial constraint distribution of the elements, in particular, of N and (2) the introduction of a locally highly tensile strained layer during growth. Hence, the spatially resolved investigation of the N and In incorporation in such d-doped (In,Ga)As structures is essential for the understanding of the impact of this specific deposition method on the material properties. In addition, the reported extremely narrow bandwidth luminescence from similar N atomic-layer doped GaAs and (In,Ga)As structures 17, 18 makes them very attractive for their potential application as single photon emitters. Whereas the origin of this remarkable narrow emission is still under discussion, the determination of the microstructural properties is demanded.
In this letter, we focus on the structural and compositional analysis of N d-doped (In,Ga)As/GaAs QWs using transmission electron microscopy (TEM) techniques. Our results reveal an intricate strain-induced element incorporation process which is not detected in compressively strained conventional (In,Ga)(As,N) layers grown on GaAs. In particular, we observe that the N and In incorporation is limited to those compositions yielding an (In,Ga)(As,N) alloy which is lattice matched to the GaAs substrate.
The samples investigated were grown on semiinsulating GaAs (001) substrates using plasma-assisted molecular beam epitaxy (MBE). A detailed description of the growth procedure can be found in Ref. 16 . After the growth of a GaAs buffer layer at 560 C, we reduced the substrate temperature to 420 C for the growth of a 170 nm GaAs layer and a 7 nm thick (W QW ) In 0.26 Ga 0.74 As QW with a submonolayer (ML) N-insertion of 0.36 ML in the center of the QW. The insertion was introduced by N plasma irradiation during a growth interruption. Finally, a 150 nm thick GaAs cap layer was grown at the same temperature of 420 C. Thin cross-sectional TEM foils were prepared along the [110] and the orthogonal [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] projections. The specimens were thinned by mechanical polishing followed by Ar-ion milling. The TEM investigation was developed using a JEOL 3010 microscope operating at 300 kV, equipped with a GATAN slow-scan charge-coupled device camera. The In and N composition profiles were determined by employing the procedure reported in Ref. 19 , where the elements profiles are obtained from the combination of two well-established TEM techniques: (1) the imaging and analysis of the intensity of the chemically sensitive (002) dark-field (DF) TEM micrographs and (2) the strain analysis from high-resolution (HR) TEM lattice images. In quaternary alloys, using only one of these two methods leads to ambiguous results, since a set of In and N contents results in the same strain value or the same DFTEM intensity. Hence, the use of both complementary techniques is needed in order to determine the composition profiles unequivocally. 19, 20 Figure 1(a) shows a cross-sectional (002) DFTEM image of an (In,Ga)As QW with a sub-ML N-insertion in the center of the QW. Figure 1(b) displays the corresponding strain map determined from HRTEM micrographs (not shown). Both images reveal the existence of lateral composition fluctuations, which are clearly reflected in the intensity contrast variation along (i.e., perpendicular to the growth direction) the QW [ Fig. 1(a) ], and in the variation of the strain values along the QW [ Fig. 1(b) and inset]. The modulations are remarkable at the top part of the QW, i.e., after the N-insertion, thus, revealing a strong effect of the N incorporation on the QW composition. Moreover, the QW is found to exhibit a slight roughening of the top interface as well as an inhomogeneous thickness. Figure 2 shows an example of the In and N distribution profiles across the QW (i.e., along the growth direction) extracted from the analysis on the area marked in Fig. 1 . The nominal 0.36 ML N d-doped layer is actually spread out over several MLs (about 3.5 MLs), thus resulting in a welldefined (In,Ga)(As,N) layer of about 1 nm width. We also find an unintentional background in the N profile, which may arise from residual N in the MBE chamber. On the other hand, the In incorporation is found to be inhomogeneous with a maximum content of about 29% and 25% at the bottom and at the top part of the QW, respectively. Moreover, we find a minimum value of [In] that exactly occurs at the position where the N d-doping is intentionally inserted and, hence, the N content becomes maximal. These results demonstrate that: (1) N has a strong impact on the In incorporation at the top part of the QW and (2) the N incorporation gives rise to a reduction in the In content, and thus, to the existence of a clear anti-correlation between the In and the N content.
The analysis of the element distribution and morphology across the QW performed in different positions along the QW reveals lateral composition fluctuations, mainly at the center and at the top part of the QW, as shown in Fig. 3(a) . These lateral composition fluctuations refer to the spatial variation of the maximum of [N] Fig. 3(a) ], which indicates that there are regions along the QW with preferred formation of Ga-N and In-As bond configurations, respectively. Interestingly, as displayed in Fig.  3(b) , regardless of the position along the QW, the incorporated (In,Ga)(As,N) layer of this composition has a lattice parameter close to the one of GaAs (a GaAs ), i.e., 5.65 Å . This explains the experimentally observed reduction in the strain value at the position of the N-insertion (cf. inset in Fig. 1) . Thus, despite the existence of N-rich and In-rich regions along the QW, N and In atoms tend to combine in order to minimize the epitaxial strain (i.e., the lattice misfit strain arising from the difference in the lattice constant between the epilayer and the substrate) 21 at the position of the d-doping insertion. For conventional (In,Ga)(As,N) layers, in contrast, it has been reported that the formation of nearest neighbor configurations is more driven by maximizing the cohesive bond energy than minimizing the local strain, which leads to lateral composition fluctuations. 13, 14, 22 The results presented in this letter suggest that in the N d-doped (In,Ga)As samples the interplay between cohesive bond energy and epitaxial strain energy is more complex than the one observed in previous studies on conventional (In,Ga)(As,N) heterostructures. We propose that in the N ddoped samples the driving force for the observed composition fluctuations is the minimization of the alloy free energy, 23 as in conventional (In,Ga)(As,N) alloys, where the maximization of the cohesive bond energy gives rise to Nrich and In-rich regions (i.e., Ga-N and In-As preferred bond configurations). However, this mechanism seems to be limited by the lattice misfit strain. Thus, only those [N] max and [In] min combinations yielding an (In,Ga)(As,N) layer with a lattice parameter close to a GaAs are possible. This special chemical configuration can be explained if a local tensile strain, corresponding to the N d-doping insertion in (In,Ga)As, is introduced, which is absent in the conventional (In,Ga)(As,N)/GaAs heterostructures grown under compressive strain. Indeed, if we assume a hypothetically 1 ML of 36% [N] and 26% [In], the resulting (In,Ga)(As,N) alloy is under high tensile strain with respect to GaAs (about À11%). This explanation is supported by the analysis of N d-doped (In,Ga)As QW with different N contents (0.12 and 0.24 ML N-insertion, respectively) revealing a similar element distribution. Again, despite the existence of lateral composition fluctuations at the position of the N d-doping insertion, In and N tend to combine so that the lattice parameter of the resulting (In,Ga)(As,N) layer is close to a GaAs (cf. Fig. 4 ). Figure 4 shows the lattice constant of (In,Ga)(As,N) layer of composition [In] min and [N] max for the three samples with increasing amount of N (i.e., the tensile strain increases). It is evident that the mean value of the lattice parameter tends to a GaAs , thus confirming the impact that the tensile strain has on the arrangement of the N and In atoms.
The role of tensile strain in the growth of III-V semiconductors and its impact on the phase separation tendency are not yet clear. [24] [25] [26] [27] [28] Studies on (In,Ga)(As,P) heteroepitaxial strained films (thick layers and QWs) evidence the presence of composition modulations depending on the strain state (tensile vs. compressive) of the layer. In this material system, stronger composition fluctuations were observed for tensile strained layers, compared with compressively strained ones. 27, 28 On the other hand, it has recently been observed that in highly tensile strained (Ga,In)As/GaSb heterostructures there is a strong reorganization of the growth front where a compressively strained (Ga,In)Sb layer generates in order to decrease the overall strain and thus stabilizes the system. 24 Interestingly, similar results are found in our highly tensile strained N d-doped (In,Ga)As structures. In particular, we find: (1) the degree of the composition fluctuations, estimated as the difference between the [N] max maximum and minimum values, is larger ($3.5%, $5%, and $7%, for the samples with 0.12, 0.24, and 0.36 ML Ninsertion, respectively) than the value reported in previous studies on conventional compressively strained (In,Ga)(As,N) layers (between 0% and 3.6%) 20, 22, 29 and depends on the absolute value of the tensile strain (2) the [N] max and [In] min combinations are constrained to those values yielding an (In,Ga)(As,N) alloy which is lattice-matched to GaAs. Notice that the material systems (In,Ga)(As,P), (In,Ga)(As,Sb), and (In,Ga)(As,N) share the common property of being affected by a miscibility gap. The impact of the lattice mismatch strain on the miscibility gap has previously been addressed. 27, 30 In this respect, the above results suggest that the sign of the strain (tensile vs. compressive) during epitaxial growth may have an influence on the miscibility gap. In particular, tensile strain may enhance the gap and, hence, promote the phase separation process, 27 which in N d-doped (In,Ga)As structures seems to aim the reduction of the lattice mismatch with the substrate.
In conclusion, we have demonstrated an intricate straininduced composition limitation in N d-doped (In,Ga)As QWs, which was not previously observed in compressively strained conventional (In,Ga)(As,N) layers. In particular, the N and In incorporation is limited to those compositions resulting in an (In,Ga)(As,N) alloy with a lattice parameter close to a GaAs . The peculiar impact of the high tensile strain on the element distribution of N d-doped (In,Ga)As QWs opens up the way to new designs of dilute nitride-based functional units.
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